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FLAW DETECTION SYSTEM USING ACOUSTIC DOPPLER EFFECT 



FIELD OF INVENTION 
This invention relates to a flaw detection system using acoustic Doppler effect for 
detecting flaws in a medium to be inspected wherein there is relative motion between the system 



and medium. 



BACKGROUND OF INVENTION 

Railroads provide both efficiency and economy in passenger and freight transportation. 
Like other transportation modes, however, they are prone to various problems. Statistics show 
that over the course of this century, the average carload and trainload tonnage has increased 
significantly. There is also an increasing concentration of traffic on fewer main line tracks. 
The average length of haul has also risen. Unfortunately, these trends have not been offset with 
a proportional increase in the amount of new rail laid. Consequently, the stress on rails and 
fatigue related failures may continue to increase. With the new demands, it is important to 
assess the rail integrity by detecting rail defects nondestructively and speedily. 

Typical defects often found in railroad tracks include transverse and longitudinal defects 
in the rail head, web defects, base defects, surface defects as well as other miscellaneous 
damage such as head wear, corrosion, crushed head, burned rail, bolt hole cracks, head and 
web separation. 

Nondestructive evaluation of rail tracks may be approached by continuous monitoring or 
detailed inspection. In the context of rail assessment, continuous monitoring results in global 
evaluation of the rail whereas detailed inspection focuses on a particular area to locate and/or 
characterize a defect in detail. 

In continuous monitoring, some techniques for inspection of rail flaws at an intermediate 
speed are currently available, but the technology lacks efficient monitoring techniques at a high 
speed comparable to the speed of a passenger car. One of the limitations on speed is the need 
for the transducer to be in contact with the rail. Furthermore, existing detailed inspection 
techniques have limited capabilities, primarily due to poor sensor performance and the 
requirement of contact with the rail surface. 

Currently, surface defects are detected by means of a device called a track circuit. This 
device uses the track as part of an electric circuit and uses the resistivity of the rail as an 
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indication of surface discontinuities. Another approach is the use of ultrasonic probes in contact 
with the track surface by a rolling wheel. These techniques require contact with the sensor and 
the rail. Therefore, they are not quite suitable for high-speed monitoring. 

Improved inspection systems are needed in many other applications, for example, in 
which there is relative motion between the system and medium to be inspected such as 
conveyors, cables, ropes and roadbeds. Presently inspection techniques tend to be slow and not 
so reliable because they typically use a change in the amplitude of the probe signal to identify a 
defect or flaw. Amplitude data is not easily repeatable or reliable. 

SUMMARY OF INVENTION 

It is therefore an object of this invention to provide a flaw detection system using 
acoustic Doppler effect for detecting flaws in a medium to be inspected. 

It is a further object of this invention to provide such a flaw detection system using 
acoustic Doppler effect which is faster and more reliable. 

It is a further object of this invention to provide such a flaw detection system using 
acoustic Doppler effect which is adapted for detecting flaws in a variety of moving and 
stationery mediums such as conveyors, cables, ropes, railroad tracks and roads. 

It is a further object of this invention to provide such a flaw detection system using 
acoustic Doppler effect which utilizes a change in frequency not amplitude to identify a flaw. 

It is a further object of this invention to provide such a flaw detection system using 
acoustic Doppler effect which is capable of extremely high speed operation and improves its 
resolution with speed. 

It is a further object of this invention to provide such a flaw detection system using 
acoustic Doppler effect which operates in a remote or non-contact mode spaced from the 
medium to be inspected. 

It is a further object of this invention to provide such a flaw detection system using 
acoustic Doppler effect which can be used to detect surface or internal flaws. 

It is a further object of this invention to provide such a flaw detection system using 
acoustic Doppler effect in which stronger signals can be obtained in surface flaw inspection due 
to air coupling of acoustic signals. 

It is a further object of this invention to provide such a flaw detection system using 
acoustic Doppler effect which enables continuous non-stop monitoring. 
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The invention results from the realization that a truly elegant yet extremely reliable 
continuous and high speed detection system for detecting a flaw in a medium such as a conveyor 
belt, cable, rope, railroad track or road can be effected by sensing a Doppler shift in a carrier 
signal caused by a flaw. 

This invention features a flaw detection system using acoustic Doppler effect for 
detecting flaws in a medium wherein there is relative motion between the medium and system. 
There are transducer means, spaced from the medium to be inspected, for introducing to and 
sensing from the medium an acoustic signal that propagates in said medium at a predetermined 
frequency. There are also means, responsive to the sensed propagating acoustic signal, for 
detecting in the sensed acoustic signal the Doppler shifted frequency representative of a flaw in 
the medium. 

In a preferred embodiment the transducer means may include a separate transmitter and 
receiver. The transducer may be an ultrasonic transducer and the acoustic signal an ultrasonic 
signal. The transducer may transmit an acoustic signal from propagation in the medium or the 
transducer may transmit optical energy for inducing the acoustic signal in the medium. The 
transducer may include a laser for transmitting that optical energy. The transducer may include 
an acoustic receiver. The transducer may include an electromagnetic acoustic transmitter and 
receiver for inducing an acoustic signal into the medium and sensing the Doppler shifted 
acoustic signal. The means for detecting may include a spectrum analyzer, or a bandpass filter 
and a peak detector, or an A to D converter and a digital filter for the purpose of distinguishing 
the Doppler effect frequency. In addition there may be a thresholding circuit identified with any 
one of the options for identifying a preselected label as a flaw. The medium to be inspected 
may be a railroad rail. The transducer may transmit to the surface of the medium and receive 
from the surface of the medium an acoustic signal and the flaws detected may be surface flaws. 
Or the transmitter may induce an acoustic signal internally in the medium and the flaws 
detected may be internal flaws. The transducer means may include a laser vibrometer 
interferometer for sensing the acoustic signal propagating in the medium. 

TTie invention also features a flaw detection system using acoustic Doppler effect for 
detecting surface flaws when there is relative motion between the medium and system. There is 
an acoustic transducer means spaced from the medium to be inspected for tmsmitting an 
acoustic signal to and receiving the reflected acoustic signal at a predetermined frequency from 
the surface of the medium to be inspected. Means responsive to the reflected acoustic signal 
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distinguish the Doppler shifted frequency in the reflected acoustic signal from the predetermined 
frequency of the transmitted acoustic signal representative of a surface flaw in the medium. 

The invention also features a flaw detection system using acoustic Doppler effect for 
detecting flaws in a medium wherein there is relative motion between the medium and system. 
There are transducer means spaced from the medium to be inspected for inducing an acoustic 
signal to propagate the medium at a predetermined frequency and sensing the propagated 
acoustic signal in the medium. Means, responsive to the sensed propagating acoustic signal, 
distinguish the Doppler shifted frequency representative of a flaw in the medium. 

In a preferred embodiment the transducer means may include an electromagnetic 
acoustic transducer for inducing and sensing the acoustic signal. The transducer means may 
include a transmitter and a receiver and the transmitter may include a laser for locally heating 
the medium to generate acoustic signals. 

DISCLOSURE OF PREFERRED EMBODIMENT 
Other objects, features and advantages will occur to those skilled in the art from the 

following description of a preferred embodiment and the accompanying drawings, in which: 

Fig. 1 is a schematic block diagram of a flaw detection system using acoustic Doppler 

effect detection system according to this invention adapted to inspect for defects in a railroad 

rail; 

Fig. 2 is an enlarged detailed view of the acoustic transducer of Fig. 1 implemented 
with separate receiver and transmitter in the ultrasonic range; 

Fig. 3 illustrates the output signal from the acoustic transducer; 

Fig. 4A illustrates the output carrier signal reflected from the unflawed surface; 

Fig. 4B illustrates the Doppler shifted return signal reflected from a surface flaw; 

Fig. 4C is the magnitude spectrum of the signal reflected from the unflawed surface; 

Fig. 4D is the magnitude spectrum of the reflection from the flaw; 

Fig. 5 is a more detailed block diagram of one implementation of the Doppler detection 
circuit of Fig. 1; 

Fig. 6 is a more detailed block diagram of another implementation of the Doppler 
detection circuit of Fig. 1; 

Fig. 7 is a more detailed block diagram of another implementation of the Doppler 
detection circuit of Fig. 1; 
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Fig. 8 illustrates the peak magnitude of a Short Time Fourier Transform implementation 
of the programmable digital signal processor of Fig. 7; 

Fig. 9A illustrates the magnitude spectrum of the Doppler window; 

Fig. 9B illustrates the inverse Fourier transform of the magnitude spectrum of Fig. 9A; 

Fig. 9C is the result of convoluting the inverse Fourier transform of Fig. 9B with the 
input signal of Fig. 3; 

Figs. 10A, B and C are schematic diagrams showing the acoustic transducer 
implemented with an electromagnetic acoustic transducer using separate spaced transmitter and 
receiver, separate adjacent transmitter and receiver, and a single combined transmitter/receiver 
unit, respectively; and 

Fig. 11 is a schematic view of another form of transducer using a laser acoustic 
transmitter. 

An advantageous feature of the high-speed flaw detection system using acoustic 
Doppler effect according to this invention is that the transducer need not, and in fact preferably 
is not, in contact with the rail or other medium to be inspected. Instead, the transducer 
remotely senses the discontinuities through the air. There are several devices that operate in a 
non-contact mode including electromagnetic acoustic transducers (EMAT) (G.A. Alers, 
Railroad Rail Flaw Detection System Based on Electromagnetic Acoustic Transducers, U.S. 
Department of Transportation Report DOT/FRA/ORD-88-09 (1988) and laser-based acoustic or 
ultrasound (LBU) (C.B. Scruby and L.E. Drain, Laser-Ultrasonics: Techniques and 
Applications, Adam Hilger, Briston, UK (1990)). More recently, air^oupled piezoelectric 
transducers have shown interesting results in some materials (A. Safaeinili, 0.1. Lobkis, nd 
D.E. Chimenti, " Air-coupled Ultrasonic Characterization of Composite Plates", Materials 
Evaluation, Vol. 53, 1186-1190 (Oct. 1995)). Air-coupled transducers are attractive because 
they allow ultrasound to propagate through gaseous media without requiring mechanical contact 
between the transducer and the medium to be inspected. When used for inspecting railroad 
tracks the acoustic impedance mismatch between the steel and air is used to great advantage 
since it reflects most of the energy from the steel surface back to the transducer. When the 
invention is employed in railroad rail monitoring, a typical car speed for monitoring the rail 
may reach above sixty miles per hour and in fact, increased car speed leads to more pronounced 
Doppler effects and better overall efficiency. 

There is shown in Fig. 1 a flaw detection system using acoustic Doppler effect system 
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10 according to this invention mounted on a railroad car 12, indicated generally in phantom, 
which moves in either direction as indicated by arrow 14 along railroad rail 16, which contains 
a flaw 18 on its surface. System 10 includes a non-contact acoustic transducer 20 which beams 
out an acoustic signal 22, referred to as a carrier signal, which reflects back from rail 16 as the 
returned or reflected signal 24. When signal 22 strikes the smooth portion of rail 16 the carrier 
signal comes back with its frequency unchanged, but when acoustic signal 22 strikes flaw 18 the 
return signal 24 will contain Doppler shifted frequency. Depending upon the position of the 
moving vehicle 12 anoVor the direction of the acoustic signal output 22, the Doppler shift may 
be an increase or a decrease in frequency. The return acoustic signal 24 is sensed and 
transduced to an electric signal and submitted to Doppler detection circuit 26 which extracts the 
Doppler frequency and then submits it to a threshold or comparator circuit 28. If the Doppler 
frequency is above a preselected reference level a defect alarm output is provided by threshold 
circuit 28. 

When a transmitter and receiver are used in a bistatic arrangement, i.e., the transmitter 
and receiver are separated by a distance and if the angles between the transducers and the target 
(flaw) are i|f , the Doppler frequency shift can be expressed as: 

4f = +J?//^cos^ 1 
c 



where f. is the frequency of the input signal, Af is the difference between the input frequency 
and the Doppler shifted frequency, v, is the relative speed between the system and the medium 
to be inspected, in this case for example it may be the railroad car carrying the system traveling 
at for example sixty miles an hour, c is the wave speed in the medium, air in this case, and i|r is 
the angle between the direction of motion and the direction to the receiving transducer from the 
notch. 

Acoustic transducer 20 may be a single transducer which acts as both transmitter and 
receiver, or it may be two separate units, one a transmitter, the other a receiver. In Fig. 2 
transducer 20a includes such discrete devices where a transmitter 30 transmits an ultrasonic 
output beam 22a and ultrasonic receiver 32 receives the reflected ultrasonic signal 24a. 

The output 40, Fig. 3, of transducer 20 shows a general smooth amplitude profile over 
time in the areas 42 but shows distinctive characteristics 44 where a defect such as defect 18 has 
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been seen. Typically the output acoustic signal 22b, Fig. 4A, is in the range of 100 kHz. 
Upon hitting a defect or flaw the return wave appears as at 24b in Fig. 4B. The magnitude 
spectrum 22bb, Fig. 4C, of output signal 22b shows a marked rise at 100 kHz while the 
magnitude spectrum 24bb, Fig. 4D for the return signal 24b is accompanied by a very distinct 
peak 50 at about 115 kHz which is the Doppler shifted frequency resulting from the Doppler 
effect caused by the flaw 18. 

Doppler detection circuit 26 may be implemented in any number of ways. For 
example, detection circuit 26a, Fig. 5, may include an analog bandpass filter 60 which provides 
a bandpass window centered on 1 15 kHz where the Doppler shift is expected at a relative speed 
of 60 miles an hour between the medium and system. The output from filter 60 is then selected 
by gated peak detector 62 so that any signals appearing in that band above a certain level will be 
accepted as a flaw detection. Alternatively, Doppler detection circuit 26b, Fig. 6, may include 
a spectrum analyzer 64 which directly provides the Doppler shifted frequency output. 

In another implementation 26c, Fig. 7, Doppler detection circuit 26 may include an 
analog to digital converter 66 which converts the analog signal to a digital signal and then 
submits it to a programmable digital signal processor 68. The programmable digital signal 
processor may be programmed in a number of different ways. For example, it may be 
programmed to operate as a Short-Time Fourier transform. Beginning with the signal as shown 
in Fig. 3, the Short-Time Fourier Transform 

S,(f) = ^Zs(t)e- i ™W x (t)dt (2) 
In 

results in discrete and prominent features 44a, Fig. 8, corresponding to each of the flaws 
or defects 44 in Fig. 3. 

Alternatively, the programmable digital signal processor 68 may be programmed to 
produce a bandpass 70, Fig. 9A, in the range of 105 to 115 kHz then obtain the inverse 
transform 72, Fig. 9B, of response 70 and convolve it with the return or reflected signal as 
shown in Fig. 3 in accordance with the input signal designated x(n) and the filter coefficient 
h(n) in the discrete-time domain directly as shown in the following expression: 
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y(n) = ^h(k)x(n-k) 



wherein y is the filtered output signal, N is the number of points, h is the filter coefficient, k 
and n are index variables, and x is the input signal. The result of that convolution is shown in 
Fig. 9C wherein each of the flaws or defects 44, Fig. 3, creates a discrete and very prominent 
feature 44b. 

Although as disclosed herein the acoustic signals are continuous wave signals, this is not 
a necessary limitation of the invention as pulse or spike pulse signals can also be used. For 
monitoring internal flaws 18b, c, d, Figs. 10A, 10B and IOC, an electromagnetic acoustic 
transducer or EMAT may be used. Such a transducer 20b, Fig. 10A, may include an 
electromagnetic transmitter 30b and receiver 32b for monitoring internal flaws such as flaw 
18b. While transmitter and receiver 30b and 32b are spaced apart, Fig. 10A, this is not a 
necessary limitation for as shown in Fig. 10B, EMAT transmitter 30c and receiver 32c may be 
adjacent to one another and it is not necessary that the receiver and transmitter be separate, for 
as shown in Fig. 10C an EMAT transducer 20d which both transmits and receives can be used. 
As is well known, the EMAT transmitter 30b establishes a varying magnetic field 31b which 
induces the acoustic signal 22b in rail 16. EMAT receiver 32b through its magnetic field 33b 
senses the acoustic return signal 24b. 

Yet another transducer 20e, Fig. 11, is shown in which the transmitter may be a laser 
30e that either provides its energy directly over beam 22e or through optical fiber cable 90 
delivers its energy to rail 16 where it induces an acoustic wave that propagates in rail 16. The 
laser should be a powerful one such as a Q-switched Nd:YAG laser. The receiver 32e may be 
an EMAT transducer or an acoustic transducer as already disclosed or may be an interferometer 
vibrometer device using a Fabry-Perot technique, for example. 

Although specific features of this invention are shown in some drawings and not others, 
this is for convenience only as each feature may be combined with any or all of the other 
features in accordance with the invention. 

Other embodiments will occur to those skilled in the art and are within the following 

claims: 

What is claimed is: 
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CLAIMS 

1. A flaw detection system using acoustic DoppJer effect for detecting flaws 
in a medium wherein there is relative motion between the medium and system comprising: 

transducer means, spaced from the medium to be inspected, for 
introducing to and sensing from the medium an acoustic signal that propagates in said medium 
at a predetermined frequency; and 

means, responsive to the sensed propagating acoustic signal, for 
detecting in the sensed acoustic signal the Doppler shifted frequency representative of a flaw in 
the medium. 

2. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer means includes a separate transmitter and receiver. 

3. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer means is an ultrasonic transducer and said acoustic signal is an ultrasonic 
signal. 

4. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer transmits an acoustic signal for propagation in said medium. 

5. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer transmits optical energy for inducing the acoustic signal in said medium. 

6. The flaw detection system using acoustic Doppler effect of claim 5 in 
which said transducer includes a laser for transmitting said optical energy. 

7. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer includes an acoustic receiver. 

8. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer includes an electromagnetic acoustic transmitter and receiver for inducing 
an acoustic signal into said medium and sensing the Doppler shifted acoustic signal. 
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9. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said means for detecting includes a spectrum analyzer for distinguishing the Doppler 
effect frequency. 

10. The flaw detection system using acoustic Doppler effect of claim 9 in 
which said means for detecting includes a thresholding circuit for identifying a preselected level 
as a flaw. 

11. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said means for detecting includes a bandpass filter and a peak detector for distinguishing 
the Doppler effect frequency. 

12. The flaw detection system using acoustic Doppler effect of claim 11 in 
which said means for detecting includes a thresholding circuit for identifying a preselected level 
as a flaw. 

13. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said means for detecting includes an A/D converter and a digital filter for distinguishing 
the Doppler effect frequency, and a thresholding circuit for identifying a preselected level as a 
flaw. 

14. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said medium is a railroad rail. 

15. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer means transmits to the surface of the medium and receives from the 
surface of the medium an acoustic signal and the flaws detected are surface flaws. 

16. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer means induces an acoustic signal internally in the medium and the flaws 
detected are internal flaws. 



WO 99/44029 



11 



PCTYUS99/03871 



17. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer means includes a laser vibrometer interferometer for sensing the acoustic 
signal propagating in the medium. 

18. A flaw detection system using acoustic Doppler effect for detecting 
surface flaws in a medium wherein there is relative motion between the medium and system 
comprising: 

acoustic transducer means, spaced from the medium to be inspected, for 
transmitting an acoustic signal to and receiving the reflected acoustic signal at a predetermined 
frequency from the surface of the medium to be inspected; and 

means, responsive to the reflected acoustic signal, for distinguishing the 
Doppler shifted frequency in the reflected acoustic signal from the predetermined frequency of 
the transmitted acoustic signal representative of a surface flaw in the medium. 

19. A flaw detection system using acoustic Doppler effect for detecting flaws 
in a medium wherein there is relative motion between the medium and system comprising: 

transducer means, spaced from the medium to be inspected, for inducing 
an acoustic signal to propagate in the medium at a predetermined frequency and sensing the 
propagating acoustic signal in the medium; and 

means, responsive to the sensed propagating acoustic signal, for 
distinguishing the Doppler shifted frequency representative of a flaw in the medium. 

20. The flaw detection system using acoustic Doppler effect for detecting 
flaws of claim 19 in which said transducer means includes an electromagnetic acoustic 
transducer for inducing and sensing the acoustic signal. 

21. The flaw detection system using acoustic Doppler effect for detecting 
flaws of claim 19 in which said transducer means includes a transmitter and a receiver and said 
transmitter includes a laser for locally heating the medium to generate acoustic signals. 
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AMENDED CLAIMS 

[received by the International Bureau on 15 June 1999 (15.06.99); 
original claims 1, 18 and 19 amended; remaining claims unchanged (4 pages)] 



1 . A flaw detection system for detecung flaws in a medium using acoustic 
Dopplcr effect resulting from relative mouon between the medium and the system 
comprising: 

transducer means, spaced from the medium to be inspected, for 
introducing to and sensing from the medium an acoustic signal that propagates in said 
medium at a predetermined frequency; and 

means, responsive to the sensed propagating acoustic signal, for 
detecting in the sensed acoustic signal the Doppler shifted frequency representative of a flaw 
in the medium. 

2. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer means includes a separate transmitter and receiver. 

3. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer means is an ultrasonic transducer and said acoustic signal is an 
ultrasonic signal. 

4. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer transmits an acoustic signal for propagation in said medium. 

5. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer transmits optical energy for inducing the acoustic signal in said 
medium. 



6- The flaw detection system using acoustic Doppler effect of claim 5 
which said transducer includes a laser for transmitting said optical energy. 



7. 



The flaw detection system using acoustic Doppler effect of claim 1 



which said transducer includes an acoustic receiver. 



in 
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8. The flaw detection system using acoustic Dopplcr effect of claim 1 in 
which said transducer includes an electromagnetic acoustic transmitter and receiver for 
inducing an acoustic signal into said medium and sensing the Dopplcr shifted acoustic signal. 

9. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said means for detecting includes a spectrum analyzer for distinguishing the Doppler 
effect frequency. 

10. The flaw detecdon system using acoustic Doppler effect of claim 9 in 
which said means for detecting includes a thresholding circuit for identifying a preselected 
level as a flaw. 

11. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said means for detecting includes a bandpass filter and a peak detector for 
distinguishing the Doppler effect frequency. 

12. The flaw detection system using acoustic Doppler effect of claim 11 in 
which said means for detecting includes a thresholding circuit for identifying a preselected 
level as a flaw. 

13. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said means for detecting includes an A/D converter and a digital filter for 
distinguishing the Doppler effect frequency, and a thresholding circuit for identifying a 
preselected level as a flaw. 

14. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said medium is a railroad rail. 

15. The flaw detection system using acoustic Dopplcr effect of claim 1 in 
which said transducer means transmits to the surface of the medium and receives from the 
surface of the medium an acoustic signal and the flaws detected are surface flaws. 
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16. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer means induces an acoustic signai internally in the medium and the 
flaws detected are internal flaws. 

17. The flaw detection system using acoustic Doppler effect of claim 1 in 
which said transducer means includes a laser vibrometer interferometer for sensing the 
acoustic signal propagating in the medium. 

18. A flaw detection system for detecting flaws in a medium using acoustic 
Doppler effect resulting from relative motion between the medium and the system 
comprising: 

acoustic transducer means, spaced from the medium to be inspected, 
for transmitting an acoustic signal to and receiving the reflected acoustic signal at a 
predetermined frequency from the surface of the medium to be inspected; and 

means, responsive to the reflected acoustic signal, for distinguishing 
the Doppler shifted frequency in the reflected acoustic signal from the predetermined 
frequency of the transmitted acoustic signal representative of a surface flaw in the medium. 

19. A flaw detection system for detecting flaws in a medium using acoustic 
Doppler effect resulting from relative motion between the medium and the system 
comprising: 

transducer means, spaced from the medium to be inspected, for 
inducing an acoustic signal to propagate in the medium at a predetermined frequency and 
sensing the propagating acoustic signal in the medium; and 

means, responsive to the sensed propagating acoustic signal, for 
distinguishing the Doppler shifted frequency representative of a flaw in the medium. 

20. The flaw detection system using acoustic Doppler effect for detecting 
flaws of claim 19 in which said transducer means includes an electromagnetic acoustic 
transducer for inducing and sensing the acoustic signal. 
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21. The flaw detection system using acoustic Dopplcr effect for detecting 
flaws of claim 19 in which said transducer means includes a transmitter and a receiver and 
said transmitter includes a laser for locally heating the medium to generate acoustic signals. 
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STATEMENT UNDER ARTICLE 19 m 

Enclosed arc Replacement Sheets 9-12 to replace original sheets 9-11. 

Claims 1, 18 and 19 have been replaced by amended claims 1, 18 and 19 
bearing the same number. Claims 2-17 and 20-21 remain unchanged! 



WO 99/44029 



PCT/US99/03871 




WO 99/44029 



PCT/US99/03871 



2/5 




-60 2£a 



62 



2£b 





ANALOG 




GATED 




BANDPASS 




PEAK 


FIG. 5 


FILTER 




DETECTOR 



64 



FIG. 6 



SPECTRUM 
ANALYZER 



FIG. 7 



26c 



■68 







PROGRAMMABLE 


ADC 




DIGITAL SIGNAL 






PROCESSOR 



40 



= 30- 



20- 

oS 



2 



10- 



FIG. 8 



-44a 



0 10 20 30 



40 50 60 
Time, f, (msec) 



70 80 90 100 



WO 99/44029 



PCT/US99/03871 





WO 99/44029 



PCT/US99/03871 



4/5 



FIG. 9 A 



FIG. 9B 



FIG. 9C 



£ 0.8 



-e 

03 




CO 



0.5- 
0.25- 
0.0+ 



=5.-0.25 

E 
< 

-0.5- 



50 100 150 200 
Frequency,/; (KHz) 



250 




0.2 0.3 
Time, f, (msec) 



OA 



0.5 0.6 





" 1 1 






■ 1 ■ 


-i — i — 1 — i — | — i — r 







Time, t, (msec) 



WO 99/44029 



PCT/US99/03871 



5/5 





INTERNATIONAL SEARCH REPORT 



International application No. 

PCT/US99/03871 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC(6) :G01N 1/00, 9/04, 9/24. 29/04; GO ID 7/00 

US CL : 73/596, 597, 598, 618, 632, 633, 635, 636, 659, 643, 653, 599, 600, 602 
According to mtcrnational Patent Classification (TPQ or to both national classification and IPC 



FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 73/596, 597, 598, 618, 632. 633, 635. 636. 659, 643, 653, 599, 600, 602 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 
NONE 



Electronic data base consulted during the international search (name of data base and. where pract.cable, search terms used) 
NONE 



C DOCUMENTS CONSIDERED TO BE RELEVANT 



Category N 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



X 
Y 

Y,P 



Y,P 



US 5,341,683 A (SEAKLE) 30 August 1994 (30/08/94) see entire 
document. 



US 5,814,730 A (BRODEUR etai.) 29 September 1998 (29/09/98) 
see entire document 

US 5,439,157 A (GEEER et al.) 08 August 1995 (08/08/95) see 
entire document. 

US 5,824,908 A (SCHINDEL et al.) 20 October 1998 (20/10/98) 
see entire document. 

US 5,646,350 A (ROBINSON et al.) 08 July 1997 (08/07/97) see 
entire document 



1-4, 14-16, 18, 19 

5, 6, 8-13, 17, 
20, 21, 

5, 6, 17, 21 
8, 20 
8, 20 
9-13 



I Further documents are listed in the continuation of Box C. See patent family annex. 



document defining the lomerei state of the art which ia not couriered 
W be of particuW relevance 



later document pub 1m bed alter the international Tiling dole or priority 
date and not in conflict with the application but cited to umicralond the 
principle or theory underlying the a 



document which may throw doubta on priority clus*» or which m 
ened to ettablinfc the publication date of Mother citation or other 
•pecial raaoa (at •pacified) 

document referral to an oral diaclowe. u*o. exhibition or other 
meeoe 

document published poor lo the kMcrnaOonal fUkuj dale tut bier Than 

the priority d«U clakned 



document of particular relevance: the clamed 
coaaidered oovci or cannot be comtderod to nvotve 
when the document ta taken alone 

document of particular relevance; the churned invention cannot bi 
oonaidered to involve an inventive ttep when (he document „ 
combined with one or more other «uch documents. Mich coin* 
being obvioua to a peraon nkiUed n the art 

sber of the lame patent family 



Date of the actual completion of the international search 
31 MARCH 1999 



Name and mailing address of the ISA/US 
Commissioner of Pitenl* and Trademark! 
Box PCT 

Washington. D C. 20231 
Facsimile No. (703) 305-3230 



Form PCT7ISA/210 (second sheet)(July 1992)* 



Date of mailing of the international search report 

16 APR1999 

Authorized officer 
^ -ft WILLIAMS- rjj V A , / 
telephone No. (703) 303-0089 ° 



